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Summary: The activation of a bis-phenoxyimine catalyst based on titanium
(V) using different aluminoxanes (MAO, PMAO and MMAO12) has been
studied. The effect of a co-catalyst modifier (BHT) used in combination with
the MAO has been also tested. In particular, the effect of the activation time
between the catalyst and the different aluminoxanes has been taken into
consideration. On increasing the activation time between catalyst and the
different aluminoxanes and TMA-free MAO, differences in the catalyst
activities have been observed. UHMWPEs having a reduced number of
entanglements have been synthesized activating the FI catalyst with MAO and
TMA-free MAO. The obtained reactor powders can be solid-state processed
below the melting temperature in order to obtain high modulus/high tenacity
tapes used for body armor and vehicle protection applications.

Keywords: UHMWPE, high performance polymers, rheology, activation,
entanglements

Introduction

Since their discovery in the late 1990s by Fujita and co-workers, bis-phenoxyimine class
of catalysts has attracted much attention due to their ease in synthesis and catalyst
modification.? Several articles’®* and reviews!®® have been published where the
catalytic behavior and mechanistic studies have been performed using this class of
catalysts. Particular attention has been posed for the fluorinated aryl derived due to their
capabilities to promote the synthesis of Ultra-High Molecular Weight Polyethylene
(UHMWPE) due to a reduced B-hydrogen chain termination process. In addition, these
catalysts are capable to synthesize UHMWPE with a “quasi living” behavior, making
them suitable catalyst for fundamental studies.”” Using the bis[N-(3-tert-
butylsalicylidene)pentafluoroanilinato] titanium (1V) dichloride (FI) catalyst, Rastogi et al.
have synthesize UHMWPE having a reduced number of entanglements between the chains
(disentangled-UHMWPE).® The base concept of the synthesis of disentangle-UHMWPE
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is a fast crystallization rate over the polymerization rate, allowing the growing chain to
crystallize faster, thus reducing the probability of self-entangle or entanglement formation
with neighbor chains. The use of homogeneous catalyst with respect to heterogeneous
ones greatly reduces the probability to entangle due to a good separation in the reaction
media of the active sites (and consequently the growing chains).l”’ Industrially,
commercially available entangled UHMWPE can be processed into fibers by dissolving
small amount of powder into large volume of aromatic solvent (typically 5/95 volume
ratio respectively). In this process of solution spinning, the entanglement density is
reduced below a critical limit. The resultant viscous solution is stretched into fibers and
the solvent is removed and recycled.[*>*¥ The main advantage of the adopted approach in
this publication is the control of the entanglement density during synthesis thus avoiding
the cumbersome use of solvent and its recovery. The adopted controlled synthesis route
makes the processing of the reactor powder more environmental friendly. The reactor
powder obtained can be solid-state processed below the melting temperature in order to
obtain high modulus/high tenacity tapes without the use of any solvent with clear
economic and environmental advantages. Such tapes can be used in making light weight
composites meeting the requirements of body and vehicle protection.® Following studies
demonstrated the dependence of the mechanical properties to the molecular weight and
entanglement density of the polymers produced and the main chain termination
processes.'” Hence, the understanding of the processes involved during the
polymerization is of important relevance in both academic and industrial applications.

In this study, the catalyst activation and possible catalyst deactivation processes have been
investigated using the FI catalyst in the polymerization of ethylene into disentangle-
UHMWPE. The use of a co-catalyst modifier in combination with methylaluminoxane
(MADO) is a well-known chemical treatment to scavenge the trimethylaluminum (TMA) in
equilibrium with the MAO.[*3! The effect of a co-catalyst modifier (2,6-di-tert-butyl-4-
methylphenol, BHT) in the activation procedure is also established. The influence of the
catalyst activation time in the presence of different aluminoxane co-catalysts is also
addressed. This study aims to increase the knowledge on the deactivation and chain
termination processes of the FI catalyst upon activation by MAO and/or different
aluminoxane-based co-catalysts.



Materials

All manipulations of air and moisture-sensitive compounds are performed under nitrogen
or argon atmosphere using standard high-vacuum Schlenk techniques or in an MBraun
350 glovebox. Ethylene (grade 3.5) is purchased from BOC, bis[N-(3-tert-
butylsalicylidene)pentafluoroanilinato]titanium (IV) dichloride is received from MCat and
used as received. Toluene (anhydrous 99.9%) and 2,6-di-tert-butyl-4-methylphenol
(>99.0%) are obtained from Sigma-Aldrich® and used as received. Methylaluminoxane
(10 wt. % toluene solution) is supplied from Albemarle® and used as received. PMAO
and MMAO12 are purchased from AkzoNobel and used as received. BASF Irganox 1010

is added to the polymer as antioxidant.

Polymerization

An overnight pre-dried 1.5 | cylindrical jacketed glass reactor vessel having a five-necked
flanged lid, equipped with a thermometer probe, stainless steel feeding tube, gas release
system, injection septum and a stopper cone is kept overnight at 130 °C. The reactor
vessel is backfilled with nitrogen and, after at least 3 cycles of vacuum/nitrogen, is
charged with 0.75 | of anhydrous toluene at room temperature and dry nitrogen is bubbled
through the solvent for ~30 min under stirring. The solvent temperature is set at 10 °C and
controlled by a feedback loop control thermostat Thermo-Scientific NESLAB RTE?7.
After the thermal equilibration is reached, a desired amount of aluminoxane solution is
added (if BHT is used, the aluminoxane solution is previously reacted with 0.8 g of BHT
for 30 minutes). Using a Bichi BPC6002 press flow gas controller unit, the nitrogen
stream is replaced with ethylene gas at 1.1 bar absolute pressure. After the solvent
saturation and thermal equilibration is obtained, the polymerization is initiated by addition
of the FI catalyst (5 mg) dissolved in toluene (1 ml) and the desired amount of
aluminoxane solution (if BHT is used, the aluminoxane solution is reacted for 30 minutes
with 0.2 g of BHT). After 1 hour, the reaction is terminated by addition of methanol. The
synthesized polymer is washed and filtered. In order to prevent degradation of the polymer
during the long rheological experiments (> 24h), the nascent powder is mixed with
antioxidant (0.7 wt. %, Irganox 1010). The polymer obtained is dried in a vacuum oven at
40°C overnight.

Rheological characterization



The nascent powder sample is hot-compressed into a disc of ~35 mm diameter and
thickness 0.6-0.7 mm at a fixed temperature of 125 °C, under a maximum force of 20 tons
for an average time of 20 min. Using a punching device, 12 mm diameter discs are cut for
rheological studies. Rheological experiments are performed using a TA Instrument Ares
G2 or LS2. To prevent oxidation during the long experiments, the temperature is
controlled by a convection oven under a nitrogen environment. The sample is placed
between parallel plates at an initial temperature of 110 °C. After thermal stabilization, the
temperature is increased to 130 °C at 30 °C/min under a compression force of 1 N. After
thermal stabilization, the sample is brought to the melt state at 160 °C at 10 °C/min while
maintaining a constant compression force of 4 N. After 90 seconds of thermal
equilibration, an oscillatory amplitude sweep test is carried out to determine the range of
oscillatory strains in the linear viscoelastic region at a fixed frequency of 10 rad/s.* To
follow changes in the elastic modulus of the polymer melt an oscillatory time sweep test is
performed.” The test is carried out at a fixed frequency of 10 rad/s and a strain of ~0.3 %,
well within the linear viscoelastic regime. To determine the molecular weight of the
polymer, after reaching the storage modulus plateau, small amplitude oscillatory
frequency sweep test at a fixed strain of 0.3 % is performed. Using the orchestrator
software available on the rheometer, the molecular weight and molecular weight

distribution is determined by means of the method developed by Mead.!*®!

Results and Discussion

The following results highlight the catalyst activity and the activation capability of the
MAO (and trimethylaluminum-free MAO) in the polymerization of ethylene promoted by
the bis[N-(3-tert-butylsalicylidene)pentafluoroanilinato] titanium (IV) dichloride catalyst.
The activation capabilities of the MAO (and trimethylaluminum-free MAO) have been
evaluated by increasing the activation contact time between catalyst and co-catalyst prior
to injection into the reactor containing ethylene. Table 1 summarizes the ethylene
polymerization data using the FI catalyst activated with MAO and in combination with
BHT.

Table 1 Ethylene polymerization data using MAO and in combination with a co-catalyst
modifier in different activation procedures.

Run | Co-catalyst as | Co-catalyst as | Activation Time | Rp? | My, MWD
Scavenger Activator (min) (*10°




g/mol)

1 4 ml of MAO Imlof MAO |0 4000 | 9.3 3.3

2 4 ml of MAO 1 ml of MAO 15 2650 | 11.2 7.8

3 4 ml of MAO 1 ml of MAO 30 1450 | n.d. n.d.
1 ml of MAO

4 4 ml of MAO 0 4150 | 7.5 3.7
+ 0.2 gof BHT
1 ml of MAO

5 4 ml of MAO 15 4200 | 7.1 35
+0.2gof BHT
1 ml of MAO

6 4 ml of MAO 30 3700 | 6.6 35
+ 0.2 gof BHT
4 ml of MAO + |1 ml of MAO

7 0 4950 | 7.8 3.3
0.8 g of BHT + 0.2 gof BHT

Other conditions: Al/Ti molar ratio, 1200; catalyst, 6.2 £ 0.2 pmol; temperature, 10 °C;
reaction volume, 750 ml of toluene; reaction time, 60 min; ethylene pressure, 1.1 atm. ®
kgpe/molyi*atm*hour.

The relative low yield of the Run 3 leads to high catalytic ashes content and the
rheological response of the polymer was affected. For this reason the characterization of
this polymer is excluded in the discussion. From the polymerizations data in table 1 it is
clear that the catalyst activity depends on the activation time when the activator is MAO
only. In the case of the MAO (having TMA), the use of BHT also influences the catalyst
activation capability of the activator. For the activation using MAO, when increasing the
catalyst activation time prior to injection into the reactor, the catalyst activity decreases of
64 % after 30 minutes of activation time (Runs 1-3). Using the BHT solely in the
activation step (Runs 4-6) the catalyst activity decreases of 10% (within the experimental
error) after 30 minutes of activation time. Figure 1 summarizes the data regarding the
activation with MAO and MAO+BHT. The data confirm that in the presence of BHT, the
polymerization rate is independent of the activation time.
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Figure 1: Catalyst activity as a function of activation time for the activation using MAO
(filled squares) and MAO+BHT (unfilled squares). The dotted lines between points are
drawn for eye guidance only.

It is plausible to think that increasing the activation time (contact time between the catalyst
and MAO), the TMA can interact with the catalyst leading to deactivation. Prior findings
suggest a possible formation of dimethyl bridged species between the TMA and the
catalyst, also called dormant sites, or reduction of Ti (IV) into Ti (l11) involving the MAO
or catalyst ligand transfer to the TMA.[*282 |t is reasonable to think that when the
concentration of TMA is reduced by the use of BHT in the activation, the above catalyst
deactivations are suppressed in the considered time range. An insight on the role of TMA
on the molecular weight capability of this catalytic system has been presented previously
by our research group.’?”

Figure 2 shows the ethylene uptake profile normalized for the amount of catalyst as a

function of polymerization time for different activation procedures.
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Figure 2: Ethylene uptake normalized by the amount of catalyst used as a function of
polymerization time for the polymers listed in table 1.

From the ethylene uptake profile of figure 2 it is clear that the BHT has a significant effect
on the catalytic system. When the catalyst is activated with MAO only, the TMA present
in equilibrium with the polymeric form can interact with the catalyst leading to non-active
species towards the ethylene polymerization. This effect becomes more pronounced when
the contact time is longer than few minutes. If the amount of TMA present in the MAO is
reduced using the BHT, the formation of the non-active species is considerably suppressed
in the time range studied; this is evident by the ethylene uptake profile that becomes
similar to the activation with MAO without delay in the catalyst activation. However, the
MAO used as scavenger, having remaining TMA, can still interact with the catalyst
leading to non-active species toward the polymerization of ethylene. If the BHT is used in
combination with all the MAO used in the polymerization, the ethylene uptake profile is
higher compared to all the other profiles. Having longer activation time is sometime a
fundamental industrial requirement due to long residence time of the activated catalyst in
the production plants. The use of BHT during the activation step can overcome the
drawback of this catalyst when activated with MAO. In addition, the BHT is an
antioxidant used sometime into polymers to avoid degradation during the processing
step(s). Considering the intimate dispersion of BHT into the polymer particles

(polymerization with the presence of the antioxidant), the amount needed to avoid



polymer degradation can be even lower if compared with the normal and more expensive
procedure to add the antioxidant after the polymerization.

Rheological characterization of the polymers produced shows low starting value (at t=0)
of the elastic modulus (well below 1 MPa) and slow modulus build-up with time for all
the polymers summarized in table 1 (Figure 3). According to previous reported findings,
the rheological response is related with a reduced number of entanglements in the

amorphous phase of the nascent powder.™

1.6x10°

1.4x10° H

G' (Pa)

1.2x10°

1.0x10°

8.0x10° 1

T T T T T T T T T
0.0 5.0x10° 1.0x10° 1.5x10° 2.0x10° 2.5x10°
Time (min)

Figure 3: Elastic modulus as a function of time for the polymers listed in table 1.

To recall, rheology can also be used to estimate molecular weight and molecular weight
distribution of polymers by measuring the viscoelastic functions (Elastic G’ and Loss G”
Moduli) as a function of angular frequency and fit the data with a suitable mathematical
method.[*®! The mathematical expression to convert the relaxation modulus (G(t)) to the
molecular weight and molecular weight distribution is given in equation 1:

w 2

G(t) =Gy < f F2(t, M)w(M)d(lnM)) (D

InM,

Where GJ is the rubbery elastic plateau value (~2.0%10° Pa), M. is the mass between

consecutive entanglements (1900 g/mol), w(M) represents the probability of finding chains



with molar mass between M and M+dM, F(t,M) corresponds to the reptation memory
function F=exp(-t/ty), where the phenomenological relation for the reptation time tq ~ M>*
has been used.

A summary of the frequency sweep tests of the polymers synthesized is showed below.
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Figure 4: Elastic and loss moduli as a function of angular frequency (w) for the polymers
of table 1.

The estimation of weight-average molecular weight (M,) and molecular weight
distribution (MWD), are in agreement with previous reported findings and prove the
synthesis of polymers with a molecular weight exceeding 6.6*10° g/mol for all the
polymers listed in table 1. In the reaction conditions explored, the values of MWD are in
agreement with polymerizations performed using a single-site catalyst. Differences
between the estimations of the molecular weights of the polymers produced can still be
discerned. Runs 1-2 have larger M,, (synthesis without BHT) compared with Runs 4-7
(synthesis with BHT). According to previous study, this is related with a second active
species capable to produce longer chains generated upon activation with MAO (due to an
interaction between the TMA present in equilibrium with the polymeric form and the
catalyst). The use of BHT during the activation step scavenges the TMA in the MAO used
to activate the catalyst, avoiding the formation of secondary active species.” The
broadening of the MWD of Run 2 compared with Run 1 is in agreement with the



hypothesis of the formation of additional species during the long activation time (15
minutes). In contrast with the activation without BHT, no significant differences can be
found comparing the My, and MWD of Runs 4-7. This further supports the detrimental
effect of the TMA during the activation step; the TMA-free MAO can allow the formation
of (potentially) only one active species even increasing the delay during the activation
step.

In table 2 are summarized the ethylene polymerization data using the FI catalyst activated
with PMAO and MMAQ12 increasing the activation time.

Table 2 Ethylene polymerization data using PMAO and MMAO12 aluminoxanes in
different activation procedure.

Run Activation
Co-catalyst | Rp?
Time
(min)
8 PMAO 0 900
9 PMAO 10 2850
10 PMAO 30 2200
11 MMAO12 |0 1150
12 MMAO12 |10 2500
13 MMAO12 |30 3000

Other conditions: Al/Ti molar ratio, 1850; catalyst, 6.2 = 0.2 umol; temperature, 10 °C;
reaction volume, 750 ml of toluene; reaction time, 60 min; ethylene pressure, 1.1 atm. ®
kgpe/molyi*atm*hour.

For the catalytic system FI/PMAO (Runs 8-10), it is not detrimental for the catalyst
activity to delay the injection of the activated catalyst in the reactor vessel containing the

monomer. Figure 5 summarizes the data in table 2 for the PMAO (Runs 8-10).
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Figure 5: Catalyst activity as a function of activation time for the activation using PMAO.
The dotted line is drawn for eye guidance only.

For the catalytic system FI/MMAQO12 the catalyst activity increases by increasing the
activation time up to 30 minutes. Figure 6 summarizes the data in table 2 for the
MMAO12 (Runs 11-13).
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Figure 6: Catalyst activity as a function of activation time for the activation using
MMAO12. The dotted line is drawn for eye guidance only.
Contrary to the activation with MAO, for the catalytic systems FI/PMAO and

FI/MMAOQO12 it is beneficial to leave the catalyst in contact with the aluminoxane for a



certain time. The activation process is in general dependent on the structure of the catalyst
and co-catalyst. In comparison to the activation by MAO, possibly the PMAO and
MMAO12 have slower capabilities to generate the active species during the activation
step. However, other catalyst deactivation processes can occur at longer activation times
(over 30 minutes).

Several potential reasons could be invoked to explain the difference in the activation
capabilities. Differences in the cage structure, different alkyl groups involved in the
alkylation and/or formation of the cationic active site, different kind of TMA present
(bounded and free TMA) and their relative concentrations, difference in the polarity of the
media etc. can be argued. However, the discrimination and the study of these effects can

be particularly difficult and it is outside the scope of this study.

Conclusions

The activation of the bis[N-(3-tert-butylsalicylidene)pentafluoroanilinato] titanium (V)
dichloride catalyst has been investigated using the MAO in different activation
procedures. The BHT has also been used in combination with the MAO to test the effect
of the absence of TMA during the activation step. Ethylene uptake profile shows a
reduction of monomer consumption when the TMA is present in the activation step and
during the polymerization. The reduction of ethylene uptake is even more pronounced
when the catalyst activation time increases up to 30 minutes in the presence of TMA.
These reductions in the ethylene consumptions are probably due to catalyst deactivation
processes leading to catalyst modification into non-active species. By removing the TMA
from the activation step, using the BHT, the catalyst does not undergo deactivation
processes even by increasing the activation time in the time range explored.

In agreement with the rheological characterization of the polymers produced, the catalyst
is capable to promote the synthesis of disentangled UHMWPE in all the conditions used in
table 1. The synthesized polymers can be solid-state processed into high modulus/strength
tapes and fibers having high tenacity (>4.3 N/tex) and high modulus (>200 N/tex).*! The
values of M, of the polymers produced when the TMA is present in the activation step are
higher due to the presence of a secondary species. This secondary species is also
responsible for the broadening of the MWD of the polymers synthesized when the catalyst
is activated with MAO, compared to the polymers synthesized using TMA-free MAO.
The use of BHT in the activation step avoids the formation of the secondary species with a



consequent reduction of the values of M,, and MWD.

The catalyst can be successfully activated in the polymerization of ethylene also with
PMAO and MMAO12. A lower catalyst activity is recorded when compared with the
activation with MAO. Contrary to the activation with MAO (in the absence of BHT), for
PMAO and MMAO12 it is beneficial to increase the activation time with the catalyst. The
lower catalyst activity for PMAO and MMAO12 in combination with the possibility to
increase the activation time suggest that these two aluminoxanes are less capable (or with
a slower rate) to generate the active site when compared with MAO. However, differences

in the content and the kind of the TMA present must be taken into consideration.
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